Wetlands are important providers of ecosystem services and key regulators of climate change. They positively contribute to global warming through their greenhouse gas emissions, and negatively through the accumulation of organic material in histosols, particularly in peatlands. Our understanding of wetlands' services is currently constrained by limited knowledge on their distribution, extent, volume, interannual flood variability and disturbance levels. We present an expert system approach to estimate wetland and peatland areas, depths and volumes, which relies on three biophysical indices related to wetland and peat formation: (1) long-term water supply exceeding atmospheric water demand; (2) annually or seasonally water-logged soils;
| INTRODUCTION
Wetlands are global hotspots of biological diversity (Gibbs, 2000; Junk et al., 2006) , ecosystem productivity (Rocha & Goulden, 2009 ) and economic activity (aquaculture, tourism, timber; Junk et al., 2014) .
They are key regulators of biogeochemical cycles, including water flows and associated nutrients (C, N, P), pollutants and sediments, coastal erosion and land stabilization (Blumenfeld, Lu, Christophersen, & Coates, 2009; Junk et al., 2013; Keddy et al., 2009) . Wetlands also play fundamental roles in climate change regulation and mitigation with unmanaged wetlands being the largest and most uncertain natural sources of methane (CH 4 ) in the global CH 4 budget (Matthews & Fung, 1987; Petrescu et al., 2010 Petrescu et al., , 2015 and the presumed drivers of the interannual variations in CH 4 atmospheric growth rates (Denman et al., 2007; Melton et al., 2013; Montzka, Dlugokencky, & Butler, 2011; Petrescu et al., 2015) . Under favourable hydrological conditions undisturbed wetlands are reported to act as moderate CH 4 and N 2 O sources (Frolking et al., 2011) or to counterbalance their CH 4 emissions (Petrescu et al., 2015) , while also acting as long-term soil carbon reservoirs dating back to the Holocene (L€ ahteenoja & Roucoux, 2010; Yu, Loisel, Brosseau, & Beilman, 2010) . For their multiple ecosystem services, the need for wetland conservation is widely recognized (i.e. the Ramsar convention, Ramsar 2013) but has long been challenged by national development policies and short-term economic priorities Junk et al., 2013; Keddy et al., 2009; Paulson Report, 2015) . Thus, drainage, fire and conversion to agriculture and agroforestry are presently turning wetlands and peatlands into net emission sources of GHG (Frolking et al., 2011; Page et al., 2002; Petrescu et al., 2015; Turetsky et al., 2015; Van der Werf et al., 2010) , and doing so at an accelerating pace (Davidson, 2014; Junk et al., 2013) .
There are considerable uncertainty about fundamental wetland variables such as their global distribution, spatial extent and temporal dynamics (Melton et al., 2013; Montzka et al., 2011; Petrescu et al., 2015; Wania et al., 2013; Zhang, Zimermann, Kaplan, & Poulter, 2016) . Efforts to assess global wetland extents, and associated CH 4 emissions include the Wetland and Wetland CH 4 Inter-comparison of Models Project (WETCHIMP; Melton et al., 2013; Wania et al., 2013) . Their results concluded that the estimates of wetland area varied ca. fourfold in modelled area simulations (7.1-26.9 Mkm 2 ) and three-fold (4.3-12.9 Mkm 2 ) in observational mapping (Melton et al., 2013) . The current variability in the estimates of wetland area still precludes the appropriate parameterization of wetland models to assess GHG emissions (Melton et al., 2013; Zhang et al., 2016) . Part of the variability in areas and volumes relate to definition issues, and to the temporality of the inundation patterns which complicate comparisons among estimates (Junk et al., 2011 (Junk et al., , 2014 Page, Rieley, & Banks, 2011) . The lack of robust validation processes also affects the available data, particularly in the tropics. This is problematic as tropical peatlands are an important focus of international climate change concerns due to the magnitude of their GHG emissions under climatic and human pressures (Gaveau et al., 2014; Hooijer et al., 2010; Montzka et al., 2011; Petrescu et al., 2015; Turetsky et al., 2015 ; Van der Werf et al., 2008) . The need for developing robust, comparable, and detailed tropical wetland and peatland maps could not be more urgent.
Methodologically, global wetland area assessments are complex (Gallant, 2015) and have relied on either hydrological models or remote sensing, or combinations thereof, but have been restricted to coarse scales (i.e. Global Natural Wetlands by Matthews and Fung (1987) ; the Global Freshwater Wetlands by Stillwell-Soller, Klinger, Pollard, and Thompson (1995) ; or the Global Hydrographic Data (GgHydro) by Cogley (2003) , or the Global Lakes and Wetlands Database, GLWD, by Lehner and D€ oll (2004) ). Moderate to fine scales have lately been produced by combining multisource remote sensing, hydrological models, and ground sampling, but they focus on specific regions only (e.g. Bwangoy, Hansen, Roy, De Grandi, & Justice, 2010; Draper et al., 2014; Dargie et al., 2017) . The results from these studies indicate that the historical records underestimate wetland and peatland areas in the tropics. Considerations when mapping global wetlands and peatlands can be subdivided into:
1. Preassessment choices: including variations in the definitions of wetlands and peatlands, and different spatial and temporal scales used for estimating wetland and peatland areas. (EstupinanSuarez et al., 2015; Junk et al., 2014; Matthews & Fung, 1987; Page et al., 2011; Zhang et al., 2016) 2. Assessment constraints: Methodological choices, which range from the interpretation of analogic maps and topographic data to hydrological modelling and to remote sensing both passive (optical, microwave) and active (radar, LIDAR). Each method is constrained by data availability, which is often cumbersome in tropical regions. (Ballhorn et al., 2009; Draper et al., 2014; Estupinan-Suarez et al., 2015; Melton et al., 2013; Wania et al., 2013) 3. Postassessment limitations: lack of ground-truthing data sets to validate the location, area and carbon stocks of the identified wetlands and organic soil areas. Frey and Smith (2007) .
Partly considering the issues above, in this study we present a novel method for mapping wetlands and peatlands in the tropics and subtropics including estimations of their soil depths, at a spatial resolution of 232 m. Our method draws on the premise that combining different data sources and methods is the best approach to map wetlands and peatlands (Bwangoy, Hansen, Roy, De Grandi, & Justice, 2010; Lang, Bourgeau-Chavez, Tiner, & Klemas, 2015; Zhang et al., 2016) . Our pantropical wetland/peatland map uses a hybrid expert system method that combines hydrological modelling, timeseries analysis of soil moisture phenology from optical satellite images and hydro-geomorphology from topographic data, to capture key properties of wetland/peatland development.
Our goals are as follows: (1) to characterize the spatial distribution of wetlands and peatlands in the tropics and subtropics; and (2) to estimate the depths and volumes of peatlands. Peat is here defined as any soil having at least 30 cm of decomposed or semidecomposed organic material with at least 50% of organic matter. We compare our wetland results with five well-known global data sets on wetland estimates and our peatland maps with ground peatland points. We use the term "swamp" for wetlands with dominating saturated soil conditions. Marshes represent "drier" wetland categories. We recognize floodouts (permanently flooded alluvial deposits) as peatforming swamps. Four of our seven wetland categories accumulate in situ produced peat (mangrove, swamp, fen and riverine/lacustrine).
| MATERIALS AND METHODS
Open water bodies, intermittent water bodies and floodplains do not accumulate organic matter, whereas some subcategories of marshes can accumulate organic matter (although not forming peat).
Drawing on the methods presented in Gumbricht (2015) , we develop a knowledge-based (see Kelly et al. (2013) for knowledgebased and expert systems), top-down approach using expert rules that offer comparable data among countries in a transparent and consistent manner. The expert rules rely on three key properties of wetland development: (1) interannual water input exceeds the atmospheric water demand; (2) annually/seasonally wet or inundated soils (phenology); and (3) a geomorphology that supports water accumulation and wetland development (see summary in Table 2 ).
| Interannual water balance-Wetland
Topographic Convergence Indices (wTCI)
These indices are modified versions of the well-known Topographic
Convergence/Wetness Index (TCI) which originally uses upslope contributing areas and local slope to determine an index of soil moisture for each point (Beven & Kirkby, 1979 Gumbricht, 2016 for details).
Apart from the mean soil moisture content (Figure 1b) , the soil moisture phenology was used to determine periods of inundation and water saturation, as well as lengths of periods with soil water content above/below given thresholds. The TWI phenology was subsequently used for identifying different wetland categories, ranging from permanent water bodies that require complete annual inundation, to marshes that require seasonal wet soil conditions but no annual inundation (Table 1) .
| Hydro-geomorphological maps and indices
Geomorphological data can assist in both mapping wetlands and interpreting wetland attributes, including wetland class and depth. One problem with geomorphological data is that landforms are usually defined for local or regional conditions, including lithological and vegetation classes (e.g., Ballantine et al. 2005) . To avoid this' we mapped T A B L E 2 Summary of the methods used to produce indices applied in the expert rule classification of tropical wetlands and peatlands. The rules are given as generalized semantic statements and are not exhaustive. The restrictions for hydrological terrain relief are given in Table S1 . In the table, riverine also includes lacustrine, floodplains also include floodouts, and refET is short for reference evapotranspiration. Mangroves and forested peat domes must have at least 25% tree cover (derived from MODIS product MOD44B Mangrove: within 5 km from sea or estuary at maximum 45 m above sea level, neither channel nor peak Forested peat domes: neither channel nor peak/ridge Riverine: juxtaposition adjacent to water source in plain or valley Floodplains: restricted to plain or U-shaped valley Fens: restricted to lower slopes or valleys Swamps: only restricted by terrain relief (see Table S1 ) Marshes: restricted to plains, U-shaped valleys or lower slopes general landscape geomorphological elements (i.e. plains, valleys, slopes, ridges) using topographic data as suggested by Weiss (2001) .
We produced a geomorphological map ( Figure 1c ) using multiscaled Topographic Position Indices (TPIs; ibid) and a more hydro-geomorphological version using multiscale profile curvatures (Wood, 1996) .
Both maps include the classes suggested by Weiss (2001) supplemented with hydrological features produced by Gumbricht's (2015) hydrological model. Additionally, we produced three maps on hydrological terrain relief, defined as the drop in elevation compared to the nearest drainage point (river, stream, sea; Table S1 ):
1. Peat dome terrain relieves were wetlands constrained to humid climates that were drained by permanent rivers (identified from the hydrological model). These rivers were used as the reference lowest point, to assign the maximum depth of the organic layer in the peat domes (i.e. drop in elevation between the highest peat dome point and the riverbed elevation)
2.
Plain and open slope terrain relieves were wetlands drained by river channels. These channels were used both for identifying potential flood plains and for assigning the maximum depth of riverine/lacustrine wetlands, floodplains, floodouts, swamps and marshes. (Brown, Sarabandi, & Pierce, 2005) . Please see the "caveats, errors and improvements" section, for known errors and caveats in these data sets.
| Wetland comparative data sets
We selected five spatial data sets offering global wetland area estimates, to compare our results. 3. Matthews and Fung (1987) , the first global database of wetlands at 1°resolution is a digitization of traditional maps based on field and aerial surveys. Stillwell-Soller et al. (1995) , a 1°resolution wetland data set assembled from two data sets: Aselmann and Crutzen's (1989) wetland cover data complemented with Alaskan wetland maps (fens and bogs).
The Global Freshwater Wetlands by
5. The Global Hydrographic Data (GgHydro) by Cogley (2003) , a 1°r esolution global data set containing hydrological and terrain properties including wetlands.
None of these maps represent, however, ground truthing. They are, instead, area estimates derived from remote sensing and external data sources.
| Peatland profile data set
We compiled a data set of geo-positioned tropical peat profiles with information on peat depth and organic matter content, adhering to our definition of peat (n = 275). Points were taken from the literature (N. Herold, unpublished data), and from shared field work data (E. Householder, unpublished data; Fig. S1 ).
2.5 | Produced maps 2.5.1 | Wetland and peatland maps
The general expert rules assigned for distinguishing the wetland categories adopted in the study are summarized in Table 2 . Swamps and marshes each include distinct subcategories, expressed through separate rules in the expert systems. Floodouts are included in the swamp category but methodologically distinguished using a combination of swamp and floodplain rules. The peatland map is derived by separating out the peat-forming wetlands (Table 2) . Peat is here defined as any soil having at least 30 cm of decomposed or semidecomposed organic material with at least 50% of organic matter. This corresponds to 29% of carbon content using 1.72 as the transformation factor. Peatlands refer to landscapes with peat deposits without specific thresholds for minimum continuous peat area, nor for minimum depths (further than the 30 cm threshold selected for the definition of peat).
| Soil depth maps
To estimate organic layer depth, we assumed that the terrain relief maps represent the metric distance from the ground surface of wetlands to their mineral bedding. For each wetland category, two depth restrictions were defined: an initial dichotomic restriction on depth occurrence depending on peat formation or not, and a second depth assigning the maximum depth of organic matter using reported values in literature (Table S1 ). In effect, this means that:
1. We assume that coastal peat domes have their basal level at sea level and that inland peat domes have their basal level coinciding with the levels of adjacent rivers. This is an oversimplification, but data on the depth and mineral bedding of peat domes in South-East Asia support this assumption (A. Hoijer, unpublished data).
2. Extended alluvial deposits with floodouts, including many of the largest pantropical wetlands (i.e. Pantanal in South America, the Sudd, the Niger Inland Delta and the Okavango in Africa, the Indo-Ganges plateau), have surfaces almost perfectly aligned with the geoid. These wetlands can then be assumed to have a near planar (geoid parallel) mineral bedding, with a high degree of certainty (Gumbricht et al., 2002 
| Ground validation of peatlands
We overlaid the compiled ground data set of peatland profiles to our map and also created a one-pixel buffer (232 m) for each point, allowing for minor positional inaccuracies. Also, as a visual validation, we contrasted our peatland map against six major peat deposits reported by Lawson et al. (2015; Fig . S2 ).
| Caveats, errors and improvements
Our approach suffers from errors in the source data of key variables used in our model: elevation, soil moisture (phenology) and climate.
The SRTM digital elevation data (DEM) are erroneous over dense canopies (artificially heighten ground elevation), and over small water bodies (artificially lowered ground elevation). The general tendency of these errors is an overestimation of the soil depth of forested swamps. Comparing our depth estimates with ground profiles, we consequently found a bias in our data that mainly affected our deepest pixels, which showed twofold depth values compared with the profiles' data (see Fig. S3 ). To account for this bias, we re-estimated countries' peat volumes by halving the established maximum depth thresholds used to parameterize the different wetland types (Table S1 ). We offer minimum-maximum volumes accordingly. More recent global DEMs including estimates on uncertainties could be used for reducing this threshold effects. (Table 3) .
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Marshes were our most abundant wetland class (59%) followed by swamps (29% including floodouts) and floodplains (5%). Mangroves are estimated to make up 4% of the total wetland area with ca. (Fig. S4 ).
| Peatlands
Our model estimates unprecedented areas of pantropical peatlands:
1.7 Mkm 2 , an associated peat volume of 7,268 (6,076-7,368) km 
| DISCUSSION
A fundamental problem when mapping wetlands and peatlands is the lack of standardized criteria by which wetlands and peatlands are defined and identified, and the lack of classification systems that take into account specific hydrological conditions and respective plant communities (Junk et al., 2011 (Junk et al., , 2014 . Our approach considers some of these constraints by developing a hybrid wetland mapping method that combines topographic data and hydrological modelling with time-series data on soil moisture retrieved from optical satellite imagery. This approach allows to map pantropical wetland and peatland extents at an unprecedented scale of 232 m using a single method and a single parameterization. The method is deterministic in its core and is based on expert rules which can be easily adjusted by experts, for regional conditions. The method is, however, affected by errors in the source data and model, for which we have F I G U R E 3 Country contribution to tropical wetland area by order of area importance, from this study and from five other wetland data sets: The GLC250-2010 (National Geomatics Center of China, 2014); the Global Lakes and Wetlands Database by Lehner and D€ oll (2004) ; Matthews and Fung (1987) ; the regional Freshwater Wetlands by Stillwell-Soller et al. (1995) ; the GgHydro by Cogley (2003) . Comparisons to independent data sets were performed on spatial subsets consistent with this study. Please note that y-axes have different scales suggested different solutions (see the "caveats, errors, improvements" section).
While the extent and volume of wetlands and peatlands remain unknown due to unavailable ground data against which to validate existing estimates, our modelled estimates showed good agreement with our collected field points. Our hybrid approach suggests, however, comparatively larger wetland and peatland extents and volumes than currently reported in other data sets. This is partly because our approach avoids omissions including undetected inundation patterns under dense canopy covers (Estupinan-Suarez, Florez-Ayala, Quinones, Pacheco, & Santos, 2015; Hess et al., 2015) . These last authors report 25% of wetland area omissions in the Amazon when using optical remote sensing alone over areas with dense tree cover.
Our approach also reduces commission errors compared with remote sensing or hydrological modelling alone, by including topographic data, which Bwangoy, Hansen, Roy, De Grandi, and Justice (2010) reported improved wetland mapping. Moreover, we do not exclude wetlands/peatlands under human use and paddy rice that fulfils the wetland thresholds would be included. Our approach also identifies seasonally inundated wetlands besides permanently inundated areas, and we detect soil wetness and topographic conditions that favour waterlogging in the absence of flooding (due to rain-fed or groundwater-fed sources). As expected, our finer spatial scale (232 m) captures smaller wetland features that add up to significantly larger areas than previously reported, as it was the case for the Amazon (Hess, Melack, & Simonetti, 1990; Junk et al., 2013) and for the Congo Basin (Bwangoy, Hansen, Roy, De Grandi, & Justice, 2010) .
Our results underestimate, however, wetland and peatland areas in some regions, and our model misclassifies some particular wetland categories (floodplains, riverine). Most notably, our model and parameterization do not capture mountainous wetlands and peatlands, including the Paramos and Puna in the Andes (Benavides, 2014; Rom an-Cuesta et al., 2011; Ruthsatz, 2012; Salvador, Monerris, & Rochefort, 2014) , Campos de Altitude in Brazil (Behling, 2007) and Tepuis (Zinck & Garc ıa, 2011) . We also miss drained and open water, and ca. 56% of the Amazon Basin area), and the major contributor to tropical wetland area (17%), followed by a distant Indonesia (7.7%), India (5.6%), China (5.5%), DRC (4.4%) and several American countries (Argentina (4.3%), United States (4.2%), Colombia (3.8%), Venezuela (3.0%), Bolivia (2.9%) and Peru (2.9%)). All the data sets, except the GgHydro, agreed on the major role of Brazilian wetlands. Our wetland area estimate for Brazil is in line with GLWD, GFW and Matthews and Fung (1987) On the other extreme of soil humidity are the marshes (46%), which our model captures as areas with seasonally drying soils (Table 2) .
However, marshes are a loose category in our model that occurs Table 5 for these values)
Area ( (2011) Depth (m) this study Indonesia 206, 950 (206, 630) when dryness is beyond floodplain thresholds and, as explained before, the 46% area of marshes likely includes misclassified Amazonian floodplains. Nor marshes nor floodplains form peat (Table 2) and our high peat areas mainly related to the swamp categories. In general, our peat area estimates may reflect a data bias due to the use of year 2011 for the soil wetness index, which was an anomalously wet year. Further, multitemporal data are needed to confirm whether soil humidity in the Brazilian Amazon and elsewhere is in average as high as detected, or year 2011 is biasing the results towards more humidity and therefore larger areas of wetlands and peatlands.
Asia
Several rivers such as the Nile, Zaire, Niger, Zambesi and Okavango with fringing floodplains and internal deltas dominate the scenario of African wetlands (Junk et al., 2013) . Most of them have a pronounced wet and dry period and are also subject to a flood pulse (Junk et al., 2013) . However, as it happened in the Amazon Basin, hydrological and soil moisture conditions make our model reclassify some of these floodplains as wetter peat-forming wetlands (i.e. swamps). For the case of Congo-DRC, this reclassification probed correct, with our model estimating 46% of hydrological peat-forming swamps in the area of DRC's Cuvette Centrale (ca. 100,000 km 2 )
versus the 145,500 km 2 of swamps reported by Dargie et al. (2017) for the entire Cuvette Centrale region (Figure 4 and Fig. S2 ). These values are also in line with Vancutsem, Pekel, and Evrard (2009) 
| Peatlands
Our estimate of pantropical peatland areas and volumes are threefold the statistical data compiled by Page et al. (2011) at country level. These authors did not include, however, some of the large peatland complexes recently researched outside Asia, which our data showed good agreement with: Cuvette Centrale Congolaise (Bwangoy, Hansen, Roy, De Grandi, & Justice, 2010; Campbell, 2005; Dargie et al., 2017; Evrard, 1968) and the Pastaza-Marañon (Draper et al., 2014; L€ ahteenoja et al., 2012) . As it was the case of wetlands, the lack of a standardized definition of peatland also hampers the comparison of peat estimates (Biancalani & Avagyan, 2014) . In our case, our peat definition is an expert assumption and more fieldwork is needed to validate whether our maps correctly locate peat and whether this peat responds to the way we define it (≥50% organic content and ≥30 cm deep). Some peat overestimation may then be expected because our model does not account for disturbances such as fire or river dynamics (i.e. erosion), nor does it consider soil lithology other than through soil wetness responses, and some areas with hydrological good conditions may not store peat (L€ ahteenoja et al., 2012) . However, our data showed good validation results (65%) and good visual agreement with Lawson et al. (2015) 's six largest tropical peat reservoirs (Fig. S1) . Therefore, and while further ground validation is needed, we sustain that our large peat estimates are realistic and far much more peat exists in the tropics than previously estimated.
Our peatland data highlight current misconceptions in peat area estimates, distributions and continental contributions, which currently hold South-East Asia as the major tropical contributor (Page et al., 2011) . As mentioned by other researchers, African and South
American peats remain poorly studied due to logistic (i.e. accessibility) and methodological constraints (i.e. cloud persistence for remote sensing, or lack of climate data for hydrological modeling; Schulman (1,376 km 3 ) and suffers from less underestimation than the American continent. The equatorial Congo Basin constitutes the second largest river basin on Earth with 3,747,320 km2 of catchment area (Runge, 2008) . Its central section counts on vast stretches of swamp forest (Bwangoy et al., 2010) with reported peat accumulations of up to 7 m. This area is known as the 'Cuvette Centrale Congolaise' (Campbell, 2005; Dargie et al. 2017; Evrard, 1968) . Besides the large wetland and peatland areas of the Cuvette Centrale (Campbell, 2005; Dargie et al., 2017; Evrard, 1968; Runge, 2008) , extensive peats occur associated with inland deltas such as the Okavango Delta and the Sudd in Botswana and South Sudan, respectively (McCarthy, 1993 Educated guesses of peatland area in the Amazon range between 150,000 km 2 (Schulman & Ruokolainen, 1999; Ruokolainen et al., 2001 ; mainly swamps), 200,000 km 2 of (semi)permanently flooded woody vegetation (Hess et al., 2015) and 488,374 km 2 of major interfluvial wetlands affected by uncertain but periodically floodable or waterlogged conditions (Junk et al., 2011) , which could potentially accumulate peat. Our peat estimates are higher than these educated guesses due to peat pres- Our model estimates larger areas and volumes of wetlands and peatlands compared with hitherto published global estimates.
Despite that some regions have overestimated wetland and peatland areas, we believe that our area estimates are rather an underestimation for both wetlands and peatlands, whereas the total peatland volume is more likely an overestimation. The massive scale, isolation and unavailability of most Latin American and African peatlands have F I G U R E 6 Comparison of our Amazonian peat hotspots (a) versus hydromorphic habitats in Figure 5 in Junk et al. (2011) (b) . Please note that Amazon Basin boundaries differ so far protected them from large-scale human degradation, keeping them out of the interest of the international community, in opposition to the heavily disturbed Asian peatlands. New climatic stresses, such as increased droughts and fire frequencies could, however, reverse their forgotten status (Junk et al., 2013; Malhi et al., 2008) .
If proven correct, our peatland estimates would evidence the current misconception of the contribution of tropical peatlands to the global carbon budget, with tropical peat volumes more than doubling current estimates. This carries large implications for the role of pantropical wetlands and peatlands in the global GHG budgets, with large risks of increased emissions both from land conversions and as a result of feedback loops in the climate system.
